Background: During cytokinesis, the plasma membrane of the parent cell is resolved into the two plasma membranes of the daughter cells. Membrane fusion events mediated by the machinery that participates in intracellular vesicle trafficking might contribute to this process. Two classes of molecules that are required for membrane fusion are the t-SNAREs and the v-SNAREs. The t-SNAREs (syntaxins) comprise a multi-gene family that has been suggested to mediate, at least in part, selective membrane fusion events in the cell.
Background
Cytokinesis, the mechanism of cell division in animal cells, is not well understood at a molecular level (see [1] for review). A wealth of experimental evidence indicates that cell constriction is mediated in part by an actin-containing contractile ring. The molecular motor myosin II contributes to the constriction, presumably by sliding antiparallel actin filaments across each other. A number of components that function in the assembly and/or regulation of the contractile ring have been identified by genetic analysis in both budding and fission yeast, Drosophila, and Caenorhabditis elegans, but a molecular picture of the assembly and constriction of the contractile ring has not yet emerged. Even less well studied is the contribution of membrane dynamics to cytokinesis. In Xenopus embryos, cytokinesis is accompanied by the insertion of new membrane into the plasma membrane [2] [3] [4] , but it is not known whether in this system, or in any animal cell, insertion of new membrane is actually required for proper completion of cytokinesis. It is conceivable that such a requirement exists because the actin-based contractile ring is positioned on the cytoplasmic face of the plasma membrane. It is therefore unlikely that the contractile ring could bring the plasma membrane from opposites sides of the cell into sufficiently close proximity to allow fusion to take place, thereby allowing the two daughter cells to separate. Thus, the question of how the single membrane of the parent cell is resolved into the two membranes of the daughter cells remains unanswered.
In dramatic contrast to the lack of information regarding the contribution of membrane insertion in cytokinesis, the molecular events that orchestrate membrane fusion between intracellular organelles and between exocytic vesicles and the plasma membrane have been analyzed in exquisite detail. Fusion of vesicles with their target membranes is mediated by a complex of proteins containing a v-SNARE, a t-SNARE (or syntaxin) and a member of the SNAP-25 protein family [5] . The complex comprises a four-helix bundle [6] , which serves to bring the donor and target membranes into close apposition and may even drive the fusion reaction [7] , although this last point is still under active investigation. Because of the abundant molecular diversity in the t-SNARE and v-SNARE protein families [8] [9] [10] , pairwise combinations of syntaxins and v-SNAREs were initially thought to underlie the specificity of membrane fusion. These interactions, however, now appear to be promiscuous, at least in vitro [11] . Biochemical reconstitution and genetic data have allowed functions to be ascribed to a number of individual SNAREs, whereas in other cases, provisional assignment has been made on the basis of localization studies or sequence homologies. Thus, various syntaxins have been implicated in exocytosis. The full range of biological functions mediated by individual exocytic syntaxins has not yet been clarified, however.
Another type of intracellular membrane fusion event, which occurs upon mitotic exit, is the reassembly of the nuclear envelope. This process can be reconstituted in vitro [12] , but all of the factors required for this process
have not yet been defined. Nuclear envelope reassembly can be resolved into multiple steps. First, a specific class of vesicles binds to the decondensing chromatin and subsequently fuse. This is followed by assembly of the nuclear pores and subsequent growth of the nuclear envelope [13] . In some cell types, such as Xenopus embryos, karyomeres, containing a small number of chromosomes surrounded by an intact nuclear envelope, assemble after mitosis and subsequently fuse to form a single nucleus [14] . Like SNARE-mediated fusion, nuclear envelope reassembly requires ATP and GTP and is sensitive to N-ethyl maleimide (NEM) [15, 16] . It remains to be determined, however, which, if any, of the steps in reassembly are dependent on the SNARE machinery.
To analyze the importance of membrane fusion in cytokinesis, we turned to the early cleavage divisions of the nematode C. elegans. This model system was chosen for several reasons. Firstly, the early divisions can be observed in real time by Nomarski optics; secondly, the genome sequencing project is essentially complete [17] ; and finally, RNA-mediated interference (RNAi) provides an efficient method by which to produce embryos lacking specific gene products [18] . Using this approach, we found one syntaxin gene, syn-4, that is required both for cytokinesis and for reassembly of the nuclear envelope. The protein product of this gene localizes to cleavage furrows throughout the process of ingression and is found, in the cytoplasm, in punctate structures that concentrate around nuclei as the nuclear envelope reforms after mitosis. In addition, Syn-4 is expressed in the hermaphrodite gonad where it localizes to the incomplete membranes that surround the germ cell nuclei. Our functional and localization data indicate that a single syntaxin plays diverse roles in the development of a simple eukaryote.
Results
Homology-and protein-profile-based searches of the C. elegans genome identified a total of eight genes encoding syntaxins (Figure 1 ), including the previously studied unc-64 gene [19, 20] and four syntaxin genes (Syn-1 to Syn-4) that have been described previously [9, 20] . All eight predicted protein sequences had significant matches to the t-SNARE coiled-coil domain profile (PS50192) followed by a carboxy-terminal membrane anchor; two of the predicted proteins, Syn-3 (F55A11.2) and ZC155.7, had amino-terminal extensions of about 70 amino acids. Regions from the coding portions of the genes were transcribed in vitro and annealed to produce double-stranded (ds)RNA for injection into the gonads of young adult hermaphrodites. The progeny of the injected animals were then scored for embryonic lethality. Two of the eight dsRNA preparations induced significant (> 30%) embryonic lethality (Table 1) . One such dsRNA corresponds to the syn-3 gene, which has significant sequence homology to SED5 (Figure 1 ), a Saccharomyces cerevisiae gene that is involved in vesicle trafficking from the endoplasmic reticulum to the Golgi apparatus [21] . Embryos derived from adults injected with syn-3 dsRNA lacked cytoplasmic granules and failed to show a reproducible phenotype during the first cell cycle (data not shown). This gene was not studied any further. Rather, we focussed on embryos depleted of the product of the T01B11.3 gene (hereafter referred to as syn-4).
We followed the fate of embryos produced by hermaphrodites injected with syn-4 dsRNA. After 27 hours from the time of injection, these animals produced embryos at about half the rate of controls and > 80% of the laid embryos failed to develop to the first larval stage (Figure 2a ). Embryos fertilized during this time were fixed and observed to be multinucleate (Figure 2b ), suggesting that nuclear division had occurred in the absence of cytokinesis.
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Figure 1
The C. elegans genome contains eight syntaxin genes. The predicted protein sequences of the C. elegans (Ce) syntaxins were compared to the predicted protein sequences of syntaxins from S. cerevisiae (Sc) and Human (Hs). Arabidopsis (At) Knolle and Drosophila (Dm) Syntaxin1 were also included in the analysis. A phylogenetic tree showing the relationship between the different syntaxins was generated using Clustal X [40] . Staining with an anti-tubulin antibody revealed that the number of nuclei often greatly exceeded the number of microtubule-organizing centers, suggesting that the phenotype was more complex than a simple inhibition of cytokinesis. The phenotype was resolved further by analysing the fate of syn-4(RNAi) embryos using time-lapse microscopy.
In order to follow their progression through the early cell cycles by time-lapse video microscopy, embryos were dissected from the injected hermaphrodites and mounted on an agar pad. Whereas wild-type embryos developed in simple buffer solution, syn-4(RNAi) embryos exhibited a wide variety of defects under these 740 Current Biology, Vol 9 No 14 Table 1 Comparison between C. elegans, human and yeast syntaxins, and a summary of the RNAi phenotypes.
C. elegans
Closest Assignment of the closest human and yeast relatives was made on the basis of the phylogenetic tree and on FASTA [41] comparisons. Proposed subcellular location is specified on the basis of a review of the functional and localization data pertaining to syntaxins [8] . In all images, embryos are oriented with the anterior to the left. In our staining protocol, the embryos from each worm remained clustered together so that it was possible to assess the extent of phenotypic variability. Embryos from a given worm displayed a consistent phenotype, either a complete failure of cytokinesis or a partial phenotype, depending on the time of fixation after injection. Scale bars represent 5 µm.
conditions. We therefore adjusted the conditions to provide osmotic support using a medium optimized for culturing individual C. elegans blastomeres [22] . The syn-4(RNAi) embryos behaved reproducibly under these conditions, indicating that the syn-4 gene is required for establishing the vitelline envelope or the eggshell.
Time-lapse microscopy of syn-4(RNAi) embryos for the first two cell divisions revealed two striking phenotypes. The most common phenotype was seen upon reformation of the nuclear envelope. At telophase in 13 out of 22 embryos, a defect in reformation of the nuclear envelope was observed: two nuclei appeared rather than just a single nucleus (Figure 3b ). In several cases, the chromatin could be seen to separate as a well-defined mass and lagging chromosomes were not seen in fixed specimens (data not shown). These observations indicate that the aberrant reformation of the nuclear envelope was not a consequence of mis-segregation of chromosomes. The second phenotype consisted of cytokinesis defects; these were observed in 10 out of 23 embryos. The cytokinesis defects varied in their severity. In 7 out of the 10 embryos, cleavage furrows ingressed partially and then retracted (Figure 3c ), whereas in 3 out of the 10 embryos, furrows completely failed to ingress (Figure 3d ). An additional phenotype, in which polar bodies re-entered the embryo (indicative of incomplete polar body extrusion; data not shown), was observed in 6 out of 13 embryos. One third of the recorded embryos exhibited no defects during the first two divisions. Furthermore, cell-cycle progression, spindle positioning, and anaphase movements were not affected. The data suggest that the multinucleate phenotype arises from defects in three processes, namely, polar body extrusion, cytokinesis, and the reformation of the nuclear envelope.
It was not possible to score all phenotypes in all recordings because some events took place outside of the plane of focus; this particularly hampered our ability to score the polar body extrusion phenotype. Analysis of the recordings, however, revealed that out of 16 embryos that exhibited a phenotype, 11 exhibited multiple phenotypes, and the majority of these (9 out of 11 embryos) consisted of embryos defective in reformation of the nuclear envelope and in cytokinesis. Two embryos were solely defective in extrusion of the polar body, whereas three embryos were solely defective in reformation of the nuclear envelope. A fraction of the syn-4(RNAi) embryos were reduced in size, but not all of the small embryos exhibited phenotypes during the first two cell divisions. Moreover, other mutations that lead to the formation of small embryos do not cause the phenotypes documented here [23] . Thus, it is unlikely that the effects of syn-4 depletion are secondary effects caused by small embryo size.
To gain further insight into the mechanism by which Syn-4 participates in cytokinesis and nuclear envelope reformation, and to investigate whether the protein acts elsewhere in the animal, the protein was localized in embryos, larvae and adults, using a rabbit antiserum that recognizes a single band of 33 kDa. Syn-4 was present in the outer membrane
Research Paper Syntaxins in the early C. elegans embryo Jantsch-Plunger and Glotzer 741 of early embryos (Figure 4a ). During cytokinesis, Syn-4 staining was observed in furrows that had just begun to ingress (Figure 4a ) and as the membrane invaginated, the extent of Syn-4 staining expanded (Figure 4b,c) . Syn-4 remained associated with the membranes that separate blastomeres (Figure 4c,d) . The punctate staining pattern observed in the cytoplasm of early embryos probably reflects vesicular structures, which were often enriched around the forming nuclei (Figure 4d ). The staining in the embryos was specific because it was largely reduced in syn-4(RNAi) embryos ( Figure 4e ) compared with wild-type embryos (Figure 4f ). In L1-stage larvae, prominent staining was detected in two rows of cells, which appeared to be the cuticle-secreting seam cells (Figure 4g ). In the adult hermaphrodite, Syn-4 was largely confined to the gonad, where it localized to the incomplete membranous structures that separate the germ cell nuclei (data not shown). An identical pattern of gonadal staining was observed in an adult expressing a GFP::Syn-4 fusion construct (Figure 4h ).
The localization of Syn-4 to ingressing cleavage furrows suggested that Syn-4-containing membranes might be transported to the sites of membrane insertion. One potential candidate for mediating the transport is the microtubule motor CeMKLP1/Zen-4 because it localizes to the microtubules of the central spindle, and because CeMKLP1-deficient embryos are defective at a late stage of cytokinesis [24, 25] . But, given that the strongest syn-4(RNAi) phenotype is more severe than that caused by CeMKLP1 depletion (produced either by RNAi or by 
Figure 4
The distribution of Syn-4 protein in wild-type embryos, larvae and adults. (a-d) Wild-type embryos were fixed and stained with a rabbit anti-Syn-4 antibody (red) and DAPI (blue). Syn-4 is concentrated in the ingressing cleavage furrow (indicated by arrowheads in (a,b)) and in the membranes that separate blastomeres. Syn-4 also concentrates around reforming nuclear envelopes (indicated by arrowheads in (d)). genetic means), it is unlikely that CeMKLP1 is absolutely required for the localization of Syn-4. Indeed, in the early embryo, there is an abundant, cytoplasmic pool of Syn-4, which suggests that it might be able to localize efficiently in the absence of a specialized transport mechanism. Nevertheless, we performed co-localization studies for CeMKLP1 and Syn-4 and found that, in addition to the previously documented sites of localization, CeMKLP1, a kinesin-like protein, was also strikingly concentrated just ahead of the leading edge of the ingressing furrow, partially overlapping the distribution of Syn-4 (Figure 5a,b) . Further experiments will be necessary to characterize the mechanism by which Syn-4-containing vesicles target the ingressing furrow, perhaps using a GFP-tagged Syn-4 construct.
Discussion
The data presented here indicate that Syn-4 is involved in several important functions throughout development of C. elegans. We have found that in the early embryo, Syn-4 is required for cytokinesis and in a late step of nuclear envelope reformation, probably karyomere fusion. Because syntaxins are intimately involved in membrane fusion events, we conclude that the Syn-4 requirement reflects an underlying requirement for membrane fusion in these processes.
Specificity of the phenotypes
Our analyses to date also suggest that Syn-4 participates in oogenesis, as evidenced by a modest drop in embryo production in syn-4(RNAi) worms. This is consistent with the striking localization of Syn-4 to the membranes of the hermaphrodite gonad. Because Syn-4 is present in the hermaphrodite gonad, it is important to consider whether the defects we observed in the early embryo might result from prior depletion of Syn-4 in the gonad and the subsequent formation of defective embryos, rather than being due to a direct involvement of Syn-4 in cytokinesis and nuclear envelope reformation. Although it is generally difficult to rule out indirect effects completely, several lines of evidence suggest that indirect effects are not responsible for the defects seen in this case. First, gonads of animals injected with syn-4 dsRNA were not grossly disorganized. Second, the embryos that were analyzed carried out a variety of functions at early stages of development, including processes that, like cytokinesis, might require specific membrane proteins. Specifically, syn-4(RNAi) embryos were fertilized and polarized, as evidenced by the asymmetric distribution of P-granules (data not shown). With regard to the nuclear envelope reassembly phenotype, it is clear that the initial steps in this pathway occurred normally and only the fusion between karyomeres was defective. This does not exclude the possibility that Syn-4 is also required in the hermaphrodite gonad, as suggested by its localization to the incomplete membranes that separate germ cell nuclei. Syn-4 was also highly concentrated in the membranes that separated the dividing blastomeres during cytokinesis, however, and it concentrated around the reforming nuclei in late telophase. In summary, the balance of evidence suggests that the phenotypes described here are due to direct effects and that Syn-4 plays myriad roles during development.
RNA-mediated interference provides a tool with which to study embryonic functions of proteins that are required for viability or fertility. The number of animals that can be generated is somewhat limited, however. Thus, further analysis of the role of syn-4 will be greatly aided by the isolation of conditional mutations in this gene. Inactivation of syn-4 by RNAi is a slow process compared with the inactivation of a number of other genes we have studied recently, the phenotypes arising after 27 hours and 18 hours or less, respectively (unpublished observations). This may be due to the pool of Syn-4 protein present in the hermaphrodite gonad, which needs to be degraded or sequestered into oocytes before embryos with sufficiently reduced amounts of Syn-4 to exhibit a phenotype are produced.
Syn-4 in nuclear envelope reassembly
During telophase, chromosomes begin to decondense and then recruit membrane vesicles. These vesicles fuse, nuclear pores assemble and the nuclear lamina polymerizes. These processes can apparently occur independently on each chromosome, as evidenced by the formation of karyomeres as a kinetic intermediate during nuclear envelope assembly in Xenopus embryos [14] . We have observed that wild-type C. elegans embryos also occasionally contain two well defined domains of decondensing DNA (unpublished observations). Because a single nucleus invariably develops in each blastomere in both Xenopus and C. elegans, a mechanism must exist to enable fusion of the karyomeres. Our analysis indicates that karyomere fusion requires Syn-4.
The localization pattern of Syn-4 suggests that it might be required for a variety of exocytic processes. The expression of Syn-4 in the seam cells of L1 larvae might indicate that Syn-4 plays a role in secretion of the worm cuticle. Likewise, our observation that syn-4(RNAi) embryos are osmotically sensitive suggests that the formation of the eggshell or vitelline envelope might also require Syn-4. The formation of the extraembryonic structures in C. elegans has not been well studied, but it is conceivable that their formation depends on a wave of secretion that occurs upon fertilization, as is the case in a number of other systems. Thus, the spectrum of processes that are dependent on Syn-4 may be even broader than is indicated by the functional data presented here.
Membrane fusion events during cytokinesis
Syntaxins have been studied in detail in recent years, particularly with regard to their biochemical function in defined membrane fusion reactions and in their structural properties (see [8, 26] for recent reviews). Although no functional data exists upon which to evaluate whether or not membrane fusion is important for cytokinesis of animal cells, insertion of new membrane during the course of cytokinesis has been observed. Cleavage-stage embryos must expand the surface area of the plasma membrane considerably. In Xenopus embryos, new membranes are inserted behind the leading edge of the cleavage furrow [2, 3] . Interestingly, inactivation of the small GTPase RhoA in Xenopus embryos completely blocks the formation of an ingressing cleavage furrow, but it does not inhibit the insertion of cleavage membranes [4] . Thus, membrane insertion is either regulated in parallel to the formation of an actin-based contractile ring or the insertion of cleavage membranes may in fact regulate assembly of the contractile ring. The fact that some syn-4(RNAi) embryos do not furrow at all lends support to this latter possibility.
The requirement for syntaxins documented here may be related to the previously documented requirement for septins in cytokinesis in a variety of organisms [27] [28] [29] . A recent publication demonstrates that a septin, CDCrel-1, associates with syntaxin-1A in mammalian brain extracts and that the two proteins directly interact in vitro [30] .
Overexpression studies suggest that septins may inhibit exocytosis [30] , but it will be necessary to evaluate the consequence of loss of septin function on exocytosis in order to unambiguously ascribe a role to the septins in this process. It has not yet been evaluated whether septins are required for cytokinesis of C. elegans embryos. Conversely, the requirement for exocytosis in cytokinesis has not been directly analyzed in systems where there is a well documented requirement for septin function.
Syntaxins are implicated in two processes that bear some similarity to cytokinesis of animal cells, namely, plant cell division and cellularization in Drosophila. Plant cells divide by a mechanism that is morphologically distinct from that of animal cells. Vesicles accumulate on bundles of antiparallel microtubules in the center of the cell and fuse with one another forming a structure termed the phragmoplast. This membranous structure then grows from the middle of the cell until it reaches the periphery, thereby dividing the cell into two domains. In Arabidopsis, cytokinesis requires a syntaxin, Knolle [31] . Likewise, cellularization of the Drosophila blastoderm requires a syntaxin protein, Syntaxin1 [32] . Cellularization and cytokinesis are distinct processes, however. For example, cytokinesis requires the gene pebble whereas cellularization does not [33] . In contrast, the genes nullo, sry-α and bottleneck are exclusively expressed during cellularization and appear completely dispensable for cytokinesis [34] [35] [36] . In summary, although there are significant differences between cellularization, plant cell division and animal cell division, the common requirement for a syntaxin in these processes reveals that they may depend on, at least in part, a common molecular machinery.
Conclusions
These results provide functional evidence that the process of cell division in the early C. elegans embryo depends upon a syntaxin, Syn-4. In addition, we demonstrate that an aspect of nuclear membrane reformation, probably fusion of karyomeres, is dependent upon the same syntaxin. This is the first direct evidence that either of these processes relies on the conserved machinery that mediates intracellular membrane trafficking.
Materials and methods

RNA interference and time-lapse microscopy
Templates for RNA interference were generated by PCR amplification of regions of genomic sequence that correspond to predicted exon sequences. The PCR products were cloned into the pGEM-T vector (Promega). The following genomic regions were used: F56A8 (32440-32683), T01B11 (16172-16827), F48F7 (10006-10544), F35C8 (1020-1424), ZC155 (9303-9701), F55A11 (3275-3500), VF39H2L.1 (1513-1999) and F36F2 (2151-2882). Interfering dsRNAs were transcribed in vitro with Sp6 and T7 RNA polymerases (Promega), annealed in injection buffer and injected into the gonads of hermaphrodites, as described [18] . Injected animals were grown at 20°C and scored for embryonic lethality for up to 35 h after recovery. For time-lapse microscopy, embryos were dissected into minimal embryonic growth medium [22] and transferred to a 2% agarose pad in minimal embryonic growth medium. The time-lapse recordings were performed on an Zeiss Axioplan II microscope equipped with a 100 ×/1.3 Neofluor objective. Images were captured using an Apple Macintoshbased image capture system similar to that previously described [4] .
Preparation of Syn-4 polyclonal antibodies and immunostaining
cDNA clones yk175g4 and yk215b11 were obtained from Yuji Kohara (NIG). The clones were sequenced and the structure of the gene as predicted by the GENEFINDER program was confirmed. Syn-4 was expressed as a GST fusion protein (a 350 bp fragment derived from exon 4 was cloned into pGEX-4T). Upon induction in Escherichia coli, the fusion protein accumulated in inclusion bodies. The fusion protein was extracted from the insoluble material using 8 M urea, purified under denaturing conditions on a Hi-trap Q sepharose column (Pharmacia), and renatured by dialysis. This antigen was used to immunize rabbits (Gramsch). The same antigen was also used to raise polyclonal antibodies in mice. Embryos were stained using established protocols with minor modifications [37] . The rabbit anti-Syn-4 antiserum was used at a dilution of 1:2000, the mouse serum was used at a dilution of 1:30. Stainings of adult and larval stages were carried out as described [38] , using the rabbit serum diluted 1:3000. Anti-CeMKLP1 antiserum was provided by Bill Saxton and diluted 1:4000 for use. Tubulin was detected with either DM1α monoclonal antibody (Sigma) or with YOL1/34. Images were acquired using the same optics as described above except that a SPOT-II cooled CCD camera (Diagnostics Instruments) was used for image acquisition. Images were acquired and processed using Adobe PhotoShop and figures were assembled in Adobe Illustrator.
Generation of a transgenic line expressing GFP::Syn-4
A PCR fragment encompassing the entire open-reading frame from the cDNA sequence was cloned into the NheI site of pPD119.117 [39] , generating a GFP::Syn-4 fusion construct driven by the mex-3 promoter. The structure of the fusion construct was verified by DNA sequencing. Transformation of C. elegans was conducted as described [39] to generate extrachromosomal arrays that express in the germline using N2 carrier DNA, rol-6 (su1006), and the GFP::Syn-4 fusion construct at the ratios (50:1:1).
